SUMMARY We did this study to provide data on the elastic properties of coronary arteries, such being essential when considering the role of mechanical factors in coronary heart disease. In view of the necessity of using postmortem material to study human arteries, we made a preliminary study on the elasticity changes of a muscular artery (the femoral) after excision and cold storage. Dynamic (Ed^) and static (E*u) incremental, elastic moduli of all arteries were calculated from simultaneously recorded pressure and diameter traces, the latter, in most instances, being obtained with an existing electrical caliper. A new, light-weight, strain-gauge caliper was developed to allow direct diameter records to be obtained from the left circumflex coronary artery (LCCA) on the beating canine heart. After excision and overnight cold storage, respectively, the canine femoral artery showed increases in diameter (9.2 and 11.6%), E^,, (77 and 173%), and E<i rn (46 and 99%). It is likely that these changes are applicable to the coronary arteries in view of the similarities in their medial structure. Ejyn for the canine LCCA was 1.23 ± 0.12 N.m~* x 10* and was in excellent agreement with published data for femoral and carotid arteries. The mean and SBM values of E*«t and Ejy. for six excised, human coronary arteries (subjects 14-40 years of age) were 2.31 ± 0.49 and 4.46 ± 1.21 (SEM) N.m~* x 10', respectively; these are higher in comparison to the above in vivo data but agree with published values from other excised human vessels. On the basis of the above reported postmortem increases in elasticity, it is concluded that human coronary and femoral arteries probably have similar elastic properties, i.e., Edy, -1.2 N.m" 1 x 10*. Ore Res 45: 588-594, 1979 IN VIEW of the predilection of the epicardial coronary arteries for atherosclerosis and the role of mechanical factors in its pathogenesis (Glagov, 1965; Patel et al, 1974; Stehbens, 1975), it is important to have information about arterial elastic properties. To the best of our knowledge, no study has been made of the static and dynamic elastic properties of human epicardial coronary arteries, either in vivo or in vitro. For that matter, no such study has been made in vivo in other species because of the unique location of these vessels on the rapidly moving myocardium which precludes measurement with existing methods, either noninvasively or invasively. It can be anticipated that the wall motion due to pulsatile arterial pressure will be less than 100 jim, which places it beyond the resolution of angiography, while the large movement of the vessel on the heart makes ultrasound tracking of the vessel extremely difficult.
IN VIEW of the predilection of the epicardial coronary arteries for atherosclerosis and the role of mechanical factors in its pathogenesis (Glagov, 1965; Patel et al, 1974; Stehbens, 1975) , it is important to have information about arterial elastic properties. To the best of our knowledge, no study has been made of the static and dynamic elastic properties of human epicardial coronary arteries, either in vivo or in vitro. For that matter, no such study has been made in vivo in other species because of the unique location of these vessels on the rapidly moving myocardium which precludes measurement with existing methods, either noninvasively or invasively. It can be anticipated that the wall motion due to pulsatile arterial pressure will be less than 100 jim, which places it beyond the resolution of angiography, while the large movement of the vessel on the heart makes ultrasound tracking of the vessel extremely difficult.
In a recent paper, Gow et al. (1974) reported measurements of the dynamic and static elasticity of the excised left circumflex coronary artery (LCCA) of the dog, by means of an electrical caliper (Gow, 1966) . This study was done after attempts to measure coronary artery diameter on the beating heart had failed due to the large inertial artifacts that were generated on the diameter record. The static elastic moduli reported in this previous study were high in comparison with others (Douglas and Greenfield, 1970; Patel and Janicki, 1970) but were consistent with those of a relatively indistensible, muscular artery as distinct from a distensible, elastic one. Since it was suspected subsequently that relaxation of the vascular smooth muscle might have occurred in these excised vessels, a change which increases their elastic moduli (Gow, 1972) , it was decided first, in a preliminary study, to observe the changes in elasticity that occur in a muscular artery following excision and overnight refrigeration. This was done for convenience using femoral arteries. Second, a new caliper was developed that allowed faithful recordings of pulsatile coronary artery diameter of the beating heart of a dog to be made. Finally, measurements were made on human coronary arteries postmortem, and the results were compared to those obtained from dog arteries, both in vitro and in vivo.
Methods

In Vivo-In Vitro Study of Arterial Elasticity
A. In Vivo Measurement
Six greyhounds (20-27 kg) were anesthetized with pentobarbital (Sagatal, May & Baker, 30 mg/ kg), and the femoral artery was exposed over a distance of about 2 cm, about 12 cm from the abdominal wall. A 1.5-mm i.d. PVC catheter, connected to a Sandborn P23Gb transducer, was introduced into a side branch and advanced upstream to the region of diameter measurement. The resonant frequency of the catheter/transducer system was invariably above 80 Hz. An electrical caliper (Gow, 1966) then was sewn onto the adventitia with 5/0 atraumatic silk sutures, care being taken to avoid misalignment of the device so that undue pressure was not placed on the pivots. We checked this by examining the pressure-diameter X-Y plot on the oscilloscope and estimating the phase lag by the shape of the bent ellipse. The artery also was exposed over a 2-cm length close to the abdominal wall and a snare placed around it. This was made from a slotted piece of brass, through which passed a loop of plastic tape (1.25-cm magnetic recording tape). Using this snare, we first lowered the pressure in the artery downstream to 110 mm Hg for 1 minute, then lowered it to 70 mm Hg for 1 minute, and then changed it back again to 110 mm Hg. Five partial deflations and five inflations of the artery downstream to the snare were used to produce pressure and corresponding diameter changes and allowed measurements of elasticity to be made under quasistatic conditions. Measurements of dynamic elasticity were obtained next from simultaneously recorded pressure and diameter waves. These were generated by means of a syringe connected to a large catheter (0.25 cm i.d.), inserted into the femoral artery close to the origin of the saphenous artery. The mean pressure was lowered in the artery to 90-95 mm Hg, using the snare and pulses of approximately 20-30 mm Hg peak-to-peak and around 2 Hz, were generated by manual operation of the syringe. The pressure and diameter records were recorded on magnetic tape (Gow and Taylor, 1968) and replayed at slow speed on chart paper.
B. In Vitro Preparation
A 9-to 10-cm length of each artery studied in A above was marked with fine cotton ties and the vessel excised with the caliper still attached and set up in a rig, which, except for the absence of the motor driven syringe, was virtually identical to one previously described . The arteries were pressurized with Dulbecco's buffered saline to 110 mm Hg, and the 1-minute cyclic pressure stepping between this and 70 mm Hg described above was repeated. The data from five inflations and five deflations were averaged in calculating elastic moduli. Following this, the dynamic properties were obtained by again operating the syringe so as to produce approximately 2 Hz pressure waves of 20-30 mm Hg peak-to-peak about a mean identical to that recorded in vivo.
At the completion of this procedure the artery, while still in the rig, was covered with a layer of gauze which dipped into a trough of Dulbecco's saline. The rig and saline trough then were placed in a refrigerator at 4° C overnight and then the above in vitro measurements were repeated.* When this was completed, a measured (about 2 cm) length of artery from the site of measurement was weighed to determine the wall volume .
Human Coronary Artery Study
Coronary arteries were obtained from five subjects aged 14-40 years within 24-96 hours after death. Vessels with gross atheromatous deposits were not used. The arteries first were freed of epicardial fat and connective tissue and side branches were ligated. The arteries then were tied to the rig previously described , which included the servomotor-driven reciprocating syringe. Since the in vivo length of the artery was unknown, it was stretched in the rig until no buckling occurred during pressurization. Static measurements were obtained first by cyclic, stepwise inflation and deflation with saline between 20 and 150 mm Hg and recording diameter on a digital voltmeter. This procedure was continued until a relatively stable hysteresis loop was obtained. Dynamic measurements were obtained at amplitudes of 15 mm Hg at frequencies of 0.5, 1, 2, 3, etc., up to 10 Hz. After the recording of arterial diameter, the caliper was removed and placed on calibrated brass rods of increasing diameter (100-fun steps) until the output of the recorder corresponded as closely as possible to that of the mean diameter of the artery.
Coronary Artery Measurements on the Beating Heart
Greyhounds were anesthetized as described above and artifically ventilated. After an injection of gallamine triethiodide (Flaxedil, May & Baker, 2.5 mg/kg), a left thoracotomy was done, removing about 16 cm of the 6th and 7th ribs to allow easy access. The lower two lobes of the left lung were removed and the pericardium opened to expose the left atrial appendage, LCCA, and upper half of the left ventricle. This region then was kept continually wet by a Dulbecco's buffered saline drip. An anterior ventricular branch then was cannulated using a 1-mm in diameter, 15-cm-long polyethylene catheter, which was filled with heparinized saline and connected to a Statham P23Gb transducer. After clearing the epicardium around a 1 cm length of the LCCA and applying the strain-gauge caliper, simultaneous pressure and diameter signals were recorded on magnetic tape and later replayed onto a San-ei galvanometric chart recorder with a frequency response flat to 70 Hz. Figure 1 shows a diagram of a new, low mass (0.1-g) diameter caliper suitable for use when rapid accelerations of the artery take place. It was made from a piece of watch mainspring bent into a horse- shoe shape. Two short lengths of sharpened 26-gauge needle were soldered to the ends of the spring to allow the gauge to cling to the adventitia of the artery. Two semiconductor strain gauges (Kulite ADP-120-90) were cemented centrally on the spring and opposite one another with cyanoacrylate cement. Fine enameled no. 45 wires were soldered to the gold wires of the gauges and anchored to one of the caliper legs with epoxy resin. The two gauges formed adjacent arms of a Wheatstone bridge, the opposite arms (remote from the gauge) being two 120 S2 fixed resistors. The caliper was energized from a Hewlett-Packard carrier amplifier (8805A) after the carrier signal was reduced by 50% with two voltage dividers each made from two 100 S2 resistors. The device had a linear output to displacement over approximately 1 mm which was adequate for the arteries studied. Its spring resistance has 10~2 N at an opening of 0.46 cm. Since this load was distributed over the length of the feet (0.5 cm), the interference to normal diameter pulsation would be negligible (Gerova et al., 1973) . The frequency response of the caliper was tested by holding one leg and attaching the other to a mechanical oscillator driven by a servomotor. Using an amplitude of 125 (tm, the caliper showed no measureable fall off in signal amplitude from 0.034 to 6 Hz and was 5% down at 10 Hz. Its damped natural frequency was 71 Hz with a ratio of the amplitude of successive oscillations of 1.24. Assuming a second order system, this predicts a frequency response flat within 3% to 10 Hz with only 0.54° phase lag at 10 Hz. No corrections to the diameter records were made in view of the smallness of these departures from ideal performance.
Diameter Caliper
Analyses and Computations
In experiments in vitro, the pressurerdiameter amplitude ratio was obtained by dividing the peakto-peak value of pressure by the corresponding diameter oscillations while, in vivo, the pulse pressure and corresponding pulse diameter were used. Five pairs of waves were sufficient to calculate a mean pressure:diameter (APd/ADod) ratio in view of the well known reproducibility of pressure and diameter pulse waves. This ratio, the mean diameter, and the weight of a short, measured segment of the artery obtained at the conclusion of all in vivo and in vitro experiments were used to calculate the following elastic "constants":
where AP and AD O are corresponding quasistatic changes in pressure and outside diameter, respectively, and D o the mean outside diameter corresponding to the mean arterial pressure, and
where AP d and AD,*) are, respectively, pulse pressure and corresponding pulse diameter, f Taking wall thickness into account, the following moduli were calculated:
where Ep(stat) and E* U t are, respectively, the pressure-strain elastic modulus (Peterson et al., 1960) and incremental isotropic elastic modulus previously defined (Bergel, 1961a; Gow and Taylor, 1968) , VAP/AV(stat) VAP/AV(dyn) is the volume elasticity modulus (Gow, 1972) and y the ratio of vessel wall thickness to outside ratio. The inside diameter (Di) was computed from the measurements of D o and the mass (w) and the length (L) of a segment. Assuming incompressibility (Carew et al., 1968) and W = 1.06 X V w , where V w is the volume of the wall of the segment, then D, could be obtained from the expression:
In Vivo-In Vitro Study of Femoral Artery Elasticity Typical quasistatic pressure and diameter records are shown in Figure 2 . These and similar records were used to calculate static and dynamic elastic moduli which are shown in Tables 1 and 2 respectively. Table 3 compares in vitro to in vivo data from the same arteries and clearly demonstrates increases in diameter and both static and dynamic elastic moduli once arteries are excised from the dog. Although there was a definite tendency for Ep, E*tat, and Ed vn to be higher after storage than in vitro, the differences except for Ed vn were not significant at the 95% level of confidence, when tested using the paired t-test.
Static and Dynamic Elastic Properties of Excised Human Coronary Arteries
Hysteresis loops were obtained from cyclic inflation and deflation and were similar to those from the dog coronary artery previously described and human muscular arteries (Learoyd and Taylor, 1966) . Values for E* at> Ed yn (at 2 Hz) and their ratio, measured at a mean pressure of 100 mm Hg for a total of six coronary arteries from five subjects, are shown in Table 4 along with age and corresponding values of mean diameter and relative wall thickness (y). The mean E su » was 2.3 N.m~2 X 10 6 and is of an order similar to that for the canine femoral artery after excision and cold storage. The mean Ed yn at 2 Hz was 4.5 N.m~2 X 10 6 and was double that of the cold-stored canine femoral artery. The mean ratio of Edyn/En,,, was 1.59 at 0.5 Hz, 1.8 at 2 Hz, and then rose relatively uniformly to 2.49 at 10 Hz.
Measurement of Dynamic Elastic Properties of the Canine Left Circumflex Coronary Artery on the Beating Heart
Simultaneously recorded pressure and diameter waves recorded from the LCCA are shown in Figure  3 . Initial experiments gave records of diameter which bore little resemblance to coronary arterial pressure. After five such experiments, it was realized that in preparations in which the artery lay deep in the atrioventricular groove, artifacts on the diameter record were generated as the result of contractions of adjacent myocardium (predominantly the left atrium) which made contact with the feet of the caliper. Ultimately, data were recorded from nine circumflex arteries in dogs in which the arteries lay well exposed on the surface of the heart. With these records and wall volume measurements, the dynamic elastic moduli Ep(dyn) and Ed V n were calculated and are shown in Table 5 , along with frequency, mean and pulse pressure, and relative wall thickness.
Discussion
Postmortem Changes in Arterial Elasticity
The aim of this study was to obtain elasticity data from coronary arteries, including those of man. Since the latter required the use of excised vessels, it was important to know to what extent the elasticity of an excised vessel changes when it is removed from its normal physiological environment and loses its vasomotor tone. In the initial phases of this investigation, adequate techniques were not available to measure coronary artery elasticity on the beating heart-hence the need to use another muscular artery for the in vivo-in vitro study. The elasticity data from the dog femoral artery in general agreed with those obtained in previous studies (Bergel, 1961a (Bergel, , 1961b Gow and Taylor, 1968; Cox, 1975) . However, the present study clearly showed that both static and dynamic elastic moduli are elevated after excision of the artery and that further increases in Edyn and, in some cases, E Mat , occur following cold storage and therefore questions the validity of elastic moduli obtained previously from excised specimens. Earner studies (Gow, 1972; Cox, 1975) have shown that relaxation of vascular smooth muscle with acetylcholine increases the Values are expressed as mean ± SEM Abbreviations. BP a mean blood pressure; AP ™ quasistatic change in pressure, D,, ™ mean outside diameter, y = wall thickness + outside radius; Ep (stat) ™ static pressure/strain elastic modulus; E.,., -static elastic modulus. LAD, LCCA, and RCA are left anterior descending, left circumflex, and right coronary artery, respectively, LAD 2 and LCCA 1 from same subject. Abbreviations as in footnotes to Tables 1 and 2 . elastic modulus of the femoral artery under isobaric conditions. The present findings are consistent with the idea that relaxation of the muscle following excision of the vessel allows circumferential stresses to be borne primarily by collagen and supports the model proposed by Roach and Burton (1957) .
Human Coronary Arterial Elasticity
The frequency-dependent behavior of the dynamic elastic modulus (Ed yn ) which, over the range of 2-10 Hz, rose from a value of 1.6 times to 2.5 times its value at zero frequency (EM*,) is typical of the behavior of other human muscular arteries, such as the femoral and carotid. Moreover, the values of E, la , (2.3 N.m" 2 X 10 6 ) and Ed yn (5.1 N.nT 2 X 10 6 ) obtained in this study are of similar magnitude to those obtained for the human femoral artery by Learoyd and Taylor (1966) (3 N.irT 2 X 10 6 and 4.5 N.m~2 X 10 6 , respectively) although they are very high by comparison to those obtained from canine arteries (Gow and Taylor, 1968; Bergel, 1961a Bergel, , 1961b Mozersky et al., 1972) . This defference probably is due to postmortem changes, and thus one should be cautious in accepting elastic moduli from excised arteries as being physiologically valid.
Dynamic Elastic Properties of the LCCA on the Beating Heart in the Dog
Previous attempts at obtaining in vivo measurements of coronary artery elasticity failed because of the large inertial artifacts on diameter recordings produced by the electrical caliper . The present study provides the first measurements of pulsatile coronary diameter, the study necessitated the development of a new low-mass caliper with a low center of gravity. The use of a lightweight spring allowed the device to cling to the vessel and to withstand acceleration and deceleration without demonstrating recognizable artifacts. The dynamic elastic moduli obtained using this new gauge were not significantly different (P < 0.6) from those of other canine muscular arteries (shown in Table 6 ), which is not surprising, considering the well-developed muscular media with only fine elastin rings. The moduli were well below those obtained in the previous study which can also be explained on the basis of a rapid loss of vascular tone following excision of the coronary arteries. Previous studies by Gregg et al. (1935) , Patel and Janicki (1970) , and Douglas and Greenfield (1970) found values of VAP/AV(Stat) of 0.017, 0.044, and 0.028 N.nT 2 X 10 6 , respectively. This is to be compared to 0.029 N.nT 2 X 10 6 for the aorta, obtained by Bergel (1961a) . The inference from this comparison could well be that the coronary artery has the mechanical properties of an elastic artery which has much of its wall composed of extensible elastin lamellae. The microscopic structure of the media of the coronary artery which is typical of other muscular arteries (Roberts, 1972) does not support this notion, however, but instead, suggests that this vessel might have an elastic modulus similar to that of other muscular arteries. The results from the present study are consistent with this latter idea, as can be seen in Table 6 . The lower moduli of Gregg (1935) and of Douglas and Greenfield (1970) could be explained by the likelihood of fluid loss from the vascular bed in the in situ preparations, a loss which would register as a diminished pressure rise for a given volume injection and, hence, an apparent increase in compliance. We are unable to explain the disparity between the data of Patel and Janicki and the present study. However, the data from the present study, when converted to volume elasticity (0.89 N.m~2 X 10 s ), are in excellent agreement with In conclusion, this study has shown that the canine left circumflex coronary artery has the same dynamic elastic modulus as the femoral artery. Moreover, if one assumes a value for y of 0.13, then with the data obtained using ultrasound by Mozersky et al. (1972) , one calculates an Ed vn of 1.2 N.m~2 X 10 6 for the human femoral artery. This value agrees well with those in Table 6 for the dog femoral artery but is considerably lower than that obtained for excised femoral arteries by Learoyd and Taylor (1966) and also for the excised human coronary arteries obtained in the present study. It seems very likely that these data from excised arteries are erroneously high because of postmortem changes which include a loss of muscle tone. On the evidence presented above, and assuming that human coronary arteries have elastic properties similar to those shown for the dog, it seems not unreasonable to conclude that human coronary arteries, like dogs' coronaries, have an Ed vn around 1.2 N.m" 2 X 10 H . Confirmation of this conclusion awaits sophisticated noninvasive measurement of pulsatile pressure-diameter relationships of human coronary arteries. This measurement will be difficult in view of the fact that the artery moves rapidly by one to two orders of magnitude greater than its pulsatile diameter change.
